An amperometric glucose biosensor is developed that is based on immobilization of glucose oxidase (GOD) in a composite film of poly(o-aminophenol) (POAP) and carbon nanotubes (CNT), which are electrochemically copolymerized at a gold (Au) electrode. Because of the high surface per volume ratio and excellent electrical conductivity of CNT, the biosensor based on an Au/POAP/CNT/GOD electrode has lower detection limit (0.01 mM), larger maximum response current (0.24 mA cm -2 ) and higher sensitivity (11.4 mA M -1 cm -2 ) than the values of the biosensor based on an Au/POAP/GOD electrode. Additionally, the biosensor shows fast response time, large response current, and good antiinterferent ability for ascorbic acid, uric acid and acetaminophen. Good reproducibility and stability of the biosensor are also observed.
Introduction
Enzyme immobilization technology has attracted much attention in connection with the design, fabrication and applications of biosensors. 1 The main conventional methods for enzyme immobilization on electrode surfaces include adsorption, crosslinking, electrochemical polymerization, covalent attachment and entrapment in polymeric gels or carbon paste. [1] [2] [3] Electrochemical polymerization plays an important role among these methods because it is very simple and effective. 4 The process involves the electrochemical oxidation of a suitable monomer from a solution containing enzymes to form a conducting or non-conducting polymer on the surface of the electrode. Situmorang et al. have reported some creative and pioneering work about electrodeposition of polymers for amperometric biosensor development. [5] [6] [7] The enzymatic biosensors based on the use of non-conducting polymer films have faster response time and better antiinterferent ability due to the films being thinner and more compact films than those based on the use of conducting polymer films. 4, 8 o-Aminophenol (o-AP) can be electropolymerized to form an electro-inactive film when the pH of the solution is over 3. 9 Poly(o-aminophenol) (POAP) film, acting as an effective barriers to protect the electrode from fouling, was successfully used in the development of hydrogen peroxide, uric and glucose biosensor. [10] [11] [12] [13] On the other hand, carbon nanotubes (CNT) are one of the novel inorganic materials with nano-structure. They are promising as an immobilization substance because of their significant mechanical strength, high surface area, excellent electrical conductivity and good chemical stability. [14] [15] [16] The subtle electronic properties suggest that CNT have the ability to promote electron transfer reactions when used as an electrode. They have been used as modified electrodes in the oxidation of dopamine, 17 β-nicotinamide adenine dinucleotide (NADH), 18 protein, 19, 20 and nucleic acids, 21 the detection and the direct electron transfer study of glucose, [22] [23] [24] the determination of hypoxanthine, 25 electrochemistry research of myoglobin, 26 horseradish peroxidase 27, 28 and xanthine oxidase, 29 cytochrome c 30, 31 and DNA hybridization detection. 32 Additionally, the electrochemical synthesis of conducting polymers such as polypyrrole with CNT has been reported. 33, 34 By utilizing the electrocatalytic properties of Prussian Blue (PB) to the oxidation of hydrogen peroxide, our team has developed a glucose biosensor based on the use of nonconducting POAP film and electroactive PB film. 35 In this paper, CNT was selected because it has a high surface-volume ratio and good ability to improve the electron transfer. Glucose oxidase (GOD) was immobilized in electrochemical copolymerized poly(o-aminophenol) (POAP) and CNT composite film at gold (Au) electrode. The sensor exhibits excellent performances, including relatively low detection limit, large current density, fast response time, high sensitivity and good stability.
Experimental

Apparatus and reagents
All electrochemical experiments were carried out in a conventional three-electrode cell controlled by a CHI 660A Electrochemical Work Station (CH Instruments, Inc). The micrographs of CNT and CNT-modified electrodes were investigated by SEM (JSM 5600 LV). A gold (Au) wire (diameter 0.2 mm) encapsulated in epoxy resin was used as the working electrode. A platinum foil was applied as the counter electrode and a saturated calomel electrode (SCE) served as the reference electrode. All potential values given below refer to SCE. Amperometric measurements were carried out while stirring and the response current (∆i) was marked as the change in value between the steady-state current and the background current. All experiments were performed at room temperature.
CNT with the diameter of 30 -60 nm, synthesized by the chemical vapor deposition method, were obtained from Tsinghua University, China. The corresponding morphology of untreated CNT is shown in Fig. 1A . Glucose oxidase (GOD, E.C. 1.1.3.4, Type II from Aspergillus niger, 50000 U/g) was purchased from Amresco (USA). Glucose was obtained from ICN Biomedicals Inc. (USA). Glucose stock solutions were allowed to mutarotate at room temperature overnight before use. o-AP (99%), ascorbic acid, uric acid and acetaminophen were used as received (Chemical Reagent Company of Shanghai, China). 0.2 M acetate solution (pH 5.0) and 1/15 M phosphate solution (pH 7.0) were used as buffer solutions. All other chemicals were analytical grade. Double-distilled water was used throughout.
Preparation of Au/POAP/CNT/GOD electrode
CNT were purified by refluxing with HNO3 for 4 -5 h. Then the black CNT suspension was filtered and the solid was dried under an infrared lamp. One milligram of purified CNT was dispersed in 10 mL 0.2 M acetate buffer solution (pH 5.0) with the aid of ultrasonic agitation to give a 0.1 mg/mL black CNT dispersion.
Prior to electrochemical preparation of enzyme electrode, the Au working electrode was cut to get a bare fresh surface and then rinsed with double-distilled water and ethanol, followed by cleaning in an ultrasonic bath. The Au electrode was placed in 0.2 M deaerated acetate buffer solution (pH 5.0) containing 500 U/ml GOD, 5.0 mM o-AP monomer 10,12 and 13 µg/mL fresh CNT dispersion. The POAP/CNT/GOD film was synthesized from the above bath solution by cycling the potential in the range of 0.0 -0.8 V at a scan rate of 50 mV s -1 . Figure 1B shows the corresponding morphology of POAP/CNT film modified Au electrode. From Fig. 1B , one can see that CNT was entrapped in the non-conducting POAP film.
For comparison, Au/POAP/GOD electrode was also fabricated at a bare Au electrode in the same way. All films used in the following experiments were grown for 15 cycles except as noted. The resulting enzyme electrodes were thoroughly washed by double-distilled water and stored in phosphate buffer solution (pH 7.0) below 4˚C for future use. Figure 2 shows the cyclic voltammograms for copolymerization of o-AP and CNT from 0.2 M acetate buffer solution (pH 5.0) containing 5 mM o-AP, 500 U/ml GOD and 13 µg/mL CNT dispersion. The electrochemical polymerization process of o-AP was obviously completely irreversible. At the first cycle, a high anodic peak current can be observed at about 0.5 V. However, the anodic peak current drops significantly for the successive cycles and the oxidation peak can not be clearly observed after 10 cycles. These imply that a non-conducting POAP and CNT composite film is formed on the electrode surface. Some noise is observed in Fig. 2 , this was caused by the stirrer, which was used to avoid the aggregation of CNT. Additionally, the cyclic voltammograms of co-polymerization of o-AP, GOD and CNT are similar to that of polymerization of only o-AP. 12 This implies that the characteristic of electropolymerization of o-AP monomer is not obviously affected by the existence of GOD and CNT.
Results and Discussion
Electrochemical synthesis and characteristics of POAP-CNT films at Au electrode
Influential factors on the response characteristic of the Au/POAP/CNT/GOD electrode
The amperometric response characteristics of the enzyme electrodes are affected by the polymerization cycle number of the polymer films, the concentration of CNT in the polymerization solution, the applied potential used in the determination, and the electroactive compounds. The effects of these factors on the behavior of the GOD electrode has been investigated in detail and is discussed as follows.
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Effect of polymerization cycle number of polymer film
In general, the response properties of the sensor can be influenced by the film thickness. Figure 3 shows the effect of polymerization cycle number on the response behavior of POAP/CNT/GOD electrode. The response current increases with the increase of polymerization cycle number, until a maximum can be observed at 15 cycles. These results may be explained as follows: When the cyclic number is less than 15, the amount of enzyme entrapped in the POAP film increases with the increase of polymerization cycle number. After the cyclic number is more than 15, GOD may be covered by POAP and CNT film, causing the decrease of available amounts of GOD. From Fig. 3 , the polymerization cycle of 15 was selected for the following experiments.
Effect of concentration of CNT
The effect of concentration of CNT on the response behavior of POAP/CNT/GOD electrode is presented in Fig. 4 . The response current increases obviously with the increase of the concentration of CNT and a maximum can be observed when the concentration of CNT is 13 µg/mL. We suggest that the addition of CNT enlarges the real surface area of POAP film and increases the entrapment amount of enzyme. However, when the concentration of CNT continues to increase, the available amount of GOD may decrease due to the coverage by the adequate amount of CNT, then a decrease of response current can be observed. Figure 5 shows that the response current of the enzyme electrode in 1/15 M phosphate buffer solution (pH 7.0) containing 2 mM glucose as a function of the applied potential, which ranges from 0.5 to 0.9 V with 0.05 V increments. When the applied potential is below 0.75 V, the response current increases rapidly with the increase of the applied potential. This means that the response of the enzyme electrode in this potential range was controlled by the electrochemical oxidation of hydrogen peroxide. 1, 36 When the potential is over 0.75 V, the response current remains almost the same. This can be explained by the rate-limiting process of enzyme kinetics and substrate diffusion. 1, 36 Since we found that the higher the applied potential is, the easier it is for the electroactive interferents to be oxidized and to cause the additional response current, and the easier it is for the polymer film to be damaged, we set the potential of 0.75 V for the oxidation operation of the enzyme electrode. Figure 6 presents the response current obtained at various electrodes to ascorbic acid at 0.75 V. The response current of ascorbic acid can be observed obviously at the unmodified Au electrode, whereas at the POAP or POAP/CNT/GOD filmmodified electrodes, the response current decreases significantly. These results show that the POAP modified electrodes can avoid efficiently the interference of ascorbic acid. A similar situation can also be observed for uric acid and for acetaminophen. On the other hand, when one discusses the magnitude of the interference, it is much more relevant to consider the magnitude of the interferent current relative to the analytical signal produced by the analyte (glucose). The interferences of electroactive compounds to the glucose response were examined in the presence of their physiological normal level 1 with glucose concentration of 5.6 mM; The corresponding results are listed in Table 1 . The influence of ascorbic acid, uric acid and acetaminophen on the glucose response was small under the testing conditions. The ratio of IG+I to IG is 1.05 for ascorbic acid, 1.06 for uric acid and 1.08 for acetaminophen, respectively.
Effect of the applied potential
Effect of the interferents
The sensor based on POAP/CNT/GOD electrode has good anti-interferent ability. This results from the good anti-interferent ability of POAP film. 10 
The comparison of the Au/POAP/CNT/GOD and Au/POAP/GOD electrodes for the amperometric determination of glucose
The amperometric responses of the Au/POAP/GOD and Au/POAP/CNT/GOD electrodes related to the glucose concentration at the applied potential of 0.75 V are illustrated in Fig. 7a. Figure 7b shows the steady-state current response of these two biosensors to one addition of glucose. In Fig. 7a , one sees that the typical calibration curve of the biosensor based on Au/POAP/GOD electrode for glucose is linear with glucose concentration up to 10 mM and then a plateau is reached gradually at higher glucose concentration. The biosensor has a detection limit of 0.02 mM. The similar amperometric response behavior can also be observed at the Au/POAP/CNT/GOD electrode. Compared with an Au/POAP/GOD biosensor, the Au/POAP/CNT/GOD biosensor has a lower detection limit (0.01 mM) and a larger response current. These may result from the following reasons: Firstly, the surface coverage of enzyme on the Au/POAP/CNT/GOD electrode was higher than that on the Au/POAP/GOD electrode due to an increased surface roughness caused by CNT. 30 Secondly, CNT have the property of increasing the electron transfer. 37 On the other hand, from Fig. 7b , the response time of the Au/POAP/CNT/GOD electrode is similar to that of the Au/POAP/GOD electrode. The response of the biosensor to the injection of glucose is very fast (within 3 s) due to the thin film. This is also observed for the other non-conducting polymermodified electrode. 38, 39 Unfortunately, the Au/POAP/ CNT/GOD biosensor has narrower linear range (up to 5 mM) than Au/POAP/GOD electrode. This phenomenon was also observed at the Prussian Blue modified glucose sensor. 35 The reason is still not clear.
According to the Lineweaver-Burk form of the Michaelis-Menten equation, the relation between the reciprocal of the response current and the reciprocal of glucose concentration is obtained. The apparent Michaelis-Menten constant K M app and the maximum response current of the biosensor based on the Au/POAP/GOD electrode were calculated and are equal to 22.8 mM and 0.15 mA cm -2 (0.047 µA), respectively. The data of the maximum response current are similar to that of GOD electrodes modified by other nonconducting polymer films. 2, 39 The sensitivity of the biosensor, obtained from the slope of the initial linear part of the calibration, is 4.7 mA M -1 cm -2 , which is similar to the reported value. 1 For comparison with the Au/POAP/GOD electrode, the apparent Michaelis-Menten constant of the Au/POAP/ CNT/GOD electrode is also calculated and is equal to 18.8 mM.
The maximum current is 0.24 mA cm -2 (0.075 µA), which is 1.5 times larger than that at the Au/POAP/GOD electrode. The sensitivity of the biosensor is 11.4 mA M -1 cm -2 , which is almost 2.5 times larger than that of Au/POAP/GOD electrode. These results imply that the biosensor based on the Au/POAP/CNT/GOD electrode is actually valuable and sensitive.
Reproducibility and stability of the Au/POAP/CNT/GOD electrode
The reproducibility of Au/POAP/CNT/GOD electrode was estimated from the response to 1 mM glucose at five enzyme electrodes at the potential of 0.75 V. The results revealed that 370 ANALYTICAL SCIENCES APRIL 2005, VOL. 21 the sensor has satisfactory reproducibility, with a mean change of the response current of 3.6 nA and a relative standard deviation of 8.4%. The stability of enzymatic biosensor in storage conditions (phosphate buffer of pH 7.0 at 4˚C) was performed in the same phosphate buffer solution containing 2.0 mM glucose. The corresponding result shows that 75% response current is still retained after 30 days. This result is similar to that of POAPmodified GOD electrode. 12, 13 This implies that the Au/POAP/CNT/GOD electrode is stable. Such good stability may be attributed to the enzyme entrapped strongly in the POAP film that is stable in the neutral medium.
Conclusions
Immobilization of GOD is introduced by the electrochemical co-polymerization of GOD, o-AP monomer and CNT at Au electrode in the weak acidic medium. Compared with the Au/POAP/GOD sensor, the biosensor based on Au/POAP/CNT/GOD electrode has 2 times lower detection limit, 1.5 times larger maximum response current and 2 times higher sensitivity, due to the existence of CNT. Moreover, the Au/POAP/CNT/GOD electrode also exhibits good antiinterferent ability, large response current, fast amperometric response, good reproducibility and excellent stability.
